Abstract -
I. INTRODUCTION
There are many feasible applications for wireless sensor network (WSN) [1] , [2] such as industrial sensor networks, health monitoring, home automation, logistic data acquisition, etc. We developed an enhanced dual-layer dual-directional wide area wireless sensor network of a WAN-SAN coherent structure and applied it in fresh food tracking system [1] . According to a report [3] , about 10% of the fresh fruits and vegetables coming from different parts of the world into the European market are damaged during the transportation process. The main causes of fresh food damage are abnormal temperature and humidity, microbial infections, composition of storage atmosphere and mechanical damage [4] .
Mechanical damage of the fresh fruits and vegetables is one of the most common and severe defects. In the fresh food tracking system, a 3-axis accelerometer ( 8G, 10-bit output) [5] was used to measure the instantaneous acceleration (X-, Y-, and Z-axis) when the food product is experiencing mechanical impacts such as dropping, shaking, vibration, and sudden break. The acceleration data are measured with a sampling rate of 20Hz to monitor most of the possible events that may cause mechanical damage to fresh fruits and vegetables. This makes 3-axis acceleration the densest data source with extreme amount of data in this application. It is highly desirable to have a highly efficient compression scheme for acceleration data for resource and cost saving.
It is also generally necessary to have data compression in embedded sensor nodes and networks because of limited cost budget and available resources, such as power source, memory space, processing capability, and communication bandwidth, etc, [6] , [7] , [8] .
Commonly used data compression algorithms, such as bzip2 [9] , compress [10], and gzip [11], were developed for desktops or servers. These algorithms mainly focus on the compression ratio with little attention paid to the resource availability. They are apparently not possible to use for embedded applications.
Some papers [7] , [12] adopted two dimensional discrete cosine transform (2D-DCT) based method to compress the sensing data. The 2D-DCT would transform two dimensional (2D) data array from the spatial domain to the frequency domain and extract significant values. 2D-DCT based compression methods are widely used in video sensor networks [12] , or in some kind of applications [7] the sensing data could be organized as multi-dimensional array to explore the frequency domain redundancy. But these methods are not suitable for our application. The events which may lead to mechanical damage are undetermined, so the frequency spectrum cannot be classified. In addition, 2D-DCT would also incur high computation cost.
Differential pulse code modulation (DPCM) based compression approach was also utilized in sensing data compression [13] . But in our case, the acceleration data didn't show significant temporal correlation. DPCM based compression would introduce extra accumulative error.
In this paper, we propose a novel lossy acceleration data compression scheme for the fresh food tracking system, to achieve the maximum utilization out of limited available resource. The acceleration data are extracted into three components (D waveform, A waveform and P waveform) rather than dealing with the source data directly. Then each component could be compressed separately according to its characteristic, and then packetized as an encoded frame.
The field test data (transportation of melon fruits from Brazil to Sweden in 20 days) are used as an experimental data source. Experimental results show that the proposed 3-1 _____________________________ 978-1-4244-3864-8/09/$25.00 ©2009 IEEE scheme could achieve a high compression ratio (around 10:1) with the acceptable distortion.
In section II the WSN platform and the source data collection in the fresh food tracking application are described. Detailed design and analysis of the lossy acceleration data compression scheme are presented in section III. Experimental results from the field test data are shown in section IV. The conclusions are given in section V.
II. WSN PLATFORM

A. WAN-SAN architecture
The WSN system used in this paper is based on a dual-layer network topology: a Wide Area Network (WAN) layer comprising a Central Server and an amount of Master Sensor Nodes (MSN), and a Sensor Area Network (SAN) layer comprising a MSN and an amount of Slave Sensor Nodes (SSN) (Fig.1 ). The wireless WAN layer could use all kinds of commercially available infrastructure with wide coverage and data services. Local memory devices on MSN are also available to store the sensing data collected from SSNs. The MSN acts as not only the coordinator in the SAN layer but also an independent sensor node in the WAN layer. In the SAN layer SSNs sense data and send data to MSN by RFID technology. In fresh food tracking application, SSNs measuring temperature, humidity and acceleration could be placed either on carton level or on pellet level.
Compact MSN hardware modules are manufactured, including an MSN sensor board which can measure temperature, relative humidity, different gases, and 3-axis acceleration data (Fig.2) . 
B. Source data collection in the fresh food tracking system
The MSN node of WSN would provide on container/cargo level an essential set of useful measurements, including temperature, relative humidity, concentrations of CO2, O2 and ethylene, and 3-axis acceleration data, to monitor the transport conditions of fresh foods. Among these source data, 3-axis acceleration data which reach up to 600bps or 6.48MB per day are the densest data (Table 1) , where temperature/relative humidity and the gas concentrations are sampled every 2 minutes and acceleration data are sampled at 20Hz. The 3-axis acceleration data account for 99.89% out of all collected data. Obviously, the compression of 3-axis acceleration data is the crucial part in data reduction for this specific application. A typical acceleration dataset is used to analyze the proposed compression scheme in section III. The dataset was collected from a running container truck in 8 Hours, with totally 574,340 samples. Since the characteristics of the data on each axis (X-, Y-, and Z-axis) are quite similar, we pick the data of X-axis (with more vibrations) for analysis. The typical acceleration data are the superimposition of a minor vibration waveform and an occasional short-term high-amplitude pulse waveform (Fig.3) .
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III. COMPRESSION SCHEME DESIGN AND ANALYSIS
A. Compression scheme design
Instead of dealing with the source acceleration data directly, D waveform, A waveform and P waveform are extracted from the original acceleration data as shown in Fig.4 . The decomposition makes it possible that each component could be compressed separately according to its distinct characteristic and then packetized as an encoded frame (Fig.5) . We could exploit each component's unique feature to make the compression more efficiently for a better overall performance.
The high-amplitude and short-term pulses (P waveform) rarely happen during fresh food transport (given a proper pulse level at 0.75S G in equation (1)). That's why we do not compress the P waveform, and instead keep its source data in the final encoded frames. And DC is the constant value in a frame which could be predicted from the previous frame. We could then only need to focus on the compression of A waveform.
Adaptive quantizer (AQ) is utilized to compress A waveform efficiently. The proposed scheme fixes quantization step due to the accuracy of the accelerometer [5] , and varies the quantizer bit size of the output sample between encoded frames.
Error Controller (EC) would inform AQ whether the distortion of the current encoded frame is beyond the preset level or not. According to this information, AQ decides the Q_bits (quantizer bit size of an output sample) for the next frame. That is, AQ would increase Q_bits, decrease Q_bits ,or leave Q_bits unchanged to achieve the trade-off between compression ratio and distortion A losses variable length coding (VLC) based compression method, is used to achieve further compression performance in the proposed scheme.
B. Compression performance criteria
In lossy data compression, the reconstructed data are not exactly the same as the original data. A distortion measure is a mathematical entity which specifies exactly how close the approximation is.
In this paper, mean magnitude of relative error (MMRE) is used as a criterion for distortion measurement which allows us to get an idea of the error introduced by the compression process, independently of the frame size (the amount of source data samples encoded in a single encoded frame).
Where i e corresponds to the error between source data and reconstructed data and S G is the acceleration data measured by the accelerometer when a standard gravity applies.
Compression ratio (CR) is a commonly used criterion to quantify the reduction in data-representation size produced by compression process. The CR of one single frame is calculated by:
Where
correspond to the size of encoded frame header, the size of encoded D waveform, the size of encoded P waveform and the size of encoded A waveform (in bits), respectively. And S B is the bit size of a source data sample while S F is the frame size.
C. Compression performance analysis
We evaluate here the compression performance with different quantizer strategy: with fixed 3 bits, with fixed 5 bits, and with AQ of Q_bits ranging from 3 bits to 7 bits (Fig.6 ). All the quantizer bit size mentioned above are including 1 sign bit. The average CR of AQ strategy is
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The Ninth International Conference on Electronic Measurement & Instruments ICEMI'2009 around 13% higher than fixed 5 bits strategy while the average MMRE is slightly worse. Meanwhile, the distortion of fixed 3 bits strategy is unacceptable (MMRE>0.04), although the CR of fixed 3 bits strategy is higher. That is, our proposed AQ based compression scheme could achieve the optimal trade-off between compression ratio and distortion. Another conclusion we can get from the evaluation is that the average CR is not correlated with the frame size when the frame size is greater than a proper value (around 200 samples) (Fig.6a) . As aforementioned, the CR is mainly upon the performance of A waveform compression. When the amount of samples in an encoded frame is greater than some proper value, the average compression ratio of A waveform (AQ and VLC based approach) would not increase as the amount of the input source data samples increases.
IV. EXPERIMENTAL RESULTS
Field test was done for fresh food tracking system of WSN to monitor the environmental conditions inside containers during the melon transport from fruit farm in Brazil to Swedish supermarket (Fig.7) . The trip from Brazil to Sweden lasted for 20 days. There are approximately 33,082,000 acceleration data sampled per axis. We use this field test data to examine the effectiveness of the proposed compression scheme (Table. 2). As discussed above, the compression ratio is not correlated with the frame size when frame size is larger than 200 or so. This feature is important for our current system since the MSP430 micro controller [14] of the MSN node is of only 10 KB RAM. For the sake of the overall system performance, we fix the frame size as 512 samples.
We assess here the proposed compression scheme with more details using the dataset on the 3 rd day (in container truck, MSN sensor node attached as shown in Fig.7b ). As shown in Fig.8 , the reconstructed signal is smoother than the original signal because lossy quantization smoothes out the small vibrations. And Q_bits tends to increase when there are higher amplitude vibrations (Fig.9) .
The CR of the whole dataset is higher than we explained in section III because there is less vibration in container ship. Our compression approach would achieve higher compression ratio for the data with less vibration (Table 3) . And the sensor node is attached to the package with different angles for test during the whole trip, that's the reason why the compression performances of the 3 axes are almost the same (Table 2) . The CR of the 3 rd day's dataset is higher in Y-axis since it got less vibration than the other two axes.
V. CONCLUSIONS
With the emergence of various WSN applications, the application-specific source data compression approaches are often needed for resource and cost saving. An enhanced dual-layer dual-directional wide area wireless sensor network system is applied in fresh food tracking application. An essential set of useful measurements is provided to monitor the environmental conditions during fresh food (such as fruits and vegetables) transport. Since 3-axis acceleration data account for 99.89% data amount out of all collected data, we propose in this work a novel lossy acceleration compression scheme. The source acceleration data are extracted into three components (D waveform, A waveform and P waveform), then each component is compressed separately according to its distinct characteristic and then packetized as an encoded frame.
Field test data (fruit transport from Brazil to Sweden) are used for acceleration data compression experiment. Experimental results confirm that the compression scheme proposed in this work could achieve a high compression ratio (around 10:1) with the acceptable distortion.
